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Global targets for area-based conservation and management must move beyond
threshold-based targets alone and must account for the quality of such areas.
In the Southern Ocean around Antarctica, a region where key biodiversity faces
unprecedented risks from climate change and where there is a growing demand to
extract resources, a number of marine areas have been afforded enhanced conservation
or management measures through two adopted marine protected areas (MPAs).
However, evidence suggests that additional high quality areas could benefit from
a proposed network of MPAs. Penguins offer a particular opportunity to identify
high quality areas because these birds, as highly visible central-place foragers, are
considered indicator species whose populations reflect the state of the surrounding
marine environment. We compiled a comprehensive dataset of the location of penguin
colonies and their associated abundance estimates in Antarctica. We then estimated the
at-sea distribution of birds based on information derived from tracking data and through
the application of a modified foraging radius approach with a density decay function
to identify some of the most important marine areas for chick-rearing adult penguins
throughout waters surrounding Antarctica following the Important Bird and Biodiversity
Area (IBA) framework. Additionally, we assessed how marine IBAs overlapped with the
currently adopted and proposed network of key management areas (primarily MPAs),
and how the krill fishery likely overlapped with marine IBAs over the past five decades.
We identified 63 marine IBAs throughout Antarctic waters and found that were the
proposed MPAs to be adopted, the permanent conservation of high quality areas for
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penguin species would increase by between 49 and 100% depending on the species.
Furthermore, our data show that, despite a generally contracting range of operation by
the krill fishery in Antarctica over the past five decades, a consistently disproportionate
amount of krill is being harvested within marine IBAs compared to the total area in which
the fishery operates. Our results support the designation of the proposed MPA network
and offer additional guidance as to where decision-makers should act before further
perturbation occurs in the Antarctic marine ecosystem.
Keywords: marine protected area, fisheries, Spheniscidae, Pygoscelis, Aptenodytes, CCAMLR, marine IBA
INTRODUCTION
The last decade has seen various efforts to address the past
and current impacts of anthropogenic pressures on the marine
environment, and the likely direct and indirect effects climate
change will have on marine ecosystems in the future (Halpern
et al., 2015; IPCC, 2019; Brooks et al., 2020). Key global drivers
of these efforts have been the agreements between nations
to achieve the Strategic Plan for Biodiversity (CBD, 2010)
and the Sustainable Development Goals (SDGs) (UN General
Assembly, 2015). These international agreements, coupled with
other longstanding multinational efforts such as the Food and
Agriculture Organisation’s (FAO) voluntary Code of Conduct
for Responsible Fisheries (CCRF, 2018), look to achieve the
sustainable use of marine resources along with the preservation
of non-target species populations relying on a given ecosystem
(FAO CCRF, Aichi Target 6 and SDG 14). One such mechanism
to achieve this has been the call to conserve 10% of coastal (0–12
nautical miles) and marine areas through effective management
of protected areas (encompassed in Aichi Target 11); noting
that protected area objectives may range from strictly protected
through to sustainable use (Dudley, 2008). More recently, several
other [higher] percentage-based targets have been suggested
for achieving the 2,050 Vision for Biodiversity (Bhola et al.,
2020). However, percentage-based targets alone have several
shortcomings that may reduce the effectiveness of sites, especially
when poorly managed or inappropriately designed to abate
pressures (Watson et al., 2014; Visconti et al., 2019). Therefore,
new targets recommend to account for the quality of all
sites of global significance for biodiversity, and that these be
documented, retained, and restored through protected areas or
other effective area-based conservation measures (IPBES, 2019;
Visconti et al., 2019; Zhao et al., 2020).
In the Southern Ocean and seas that surround Antarctica, the
marine environment is governed through the Commission for the
Conservation of Antarctic Marine Living Resources (CCAMLR).
Particular concerns for CCAMLR include the risks to biodiversity
given climate change (IPCC, 2019) and a growing demand
for marine living resources (Rintoul et al., 2018; Chown and
Brooks, 2019; Hindell et al., 2020). A key aim of CCAMLR is
to minimize the risks associated with these pressures through
the conservation and rational use of marine resources within
the Southern Ocean (CCAMLR, 2018b). Significant progress
has already been made toward achieving this aim through
numerous mechanisms that include the designation of Marine
Protected Areas (MPAs) (CCAMLR, 2009, 2016; Brooks, 2013;
Sylvester and Brooks, 2020). To date, two MPAs have been
adopted in waters surrounding mainland Antarctica and the
nearby islands (CCAMLR, 2009, 2016). Furthermore, three more
MPAs (CCAMLR, 2019a,b,c), and a potential fourth still in
the planning phase (Griffith et al., 2019), have been proposed
following international collaborative efforts, including the review
and assessment of numerous data sources (Sylvester and Brooks,
2020; Teschke et al., 2020). However, consensus (a requirement
by CCAMLR for the implementation of management measures)
on the designation of the proposed MPAs has not been met
(CCAMLR, 2019c).
Seabirds and the status of their populations can provide
critical insights on the state of their surrounding marine
environment, hence, they are often considered as indicator, or
sentinel taxa (Furness and Camphuysen, 1997; Boersma, 2008;
Gagne et al., 2018; Velarde et al., 2019). Certain species might
be considered as “elucidating” sentinels, whereby species provide
an observable link between physical processes in the marine
environment and biological responses (Hazen et al., 2019).
Alternatively, certain species may be considered as “leading”
sentinels, whereby population level responses in these species
precede observable change in responses of other species or
the ecosystem (Hazen et al., 2019). The penguin species that
breed in Antarctica and forage in the Southern Ocean, feed
extensively on krill or are ice-obligates, and are exemplar species
for studying the potential links between system fluctuations
and predator populations (e.g., fisheries pressures: Hinke et al.,
2017; Trathan et al., 2018; Watters et al., 2020), or Antarctic
marine ecosystem responses to environmental perturbations
(e.g., climate change: Jenouvrier et al., 2014; Johnson et al., 2019;
Emmerson et al., 2015; Trathan et al., 2019). Indeed, evidence
already shows that penguin populations in particular are at risk
from overexploitation of resources and climate change (Boersma
et al., 2019; Dias et al., 2019; Ropert-Coudert et al., 2019). The
potential risk of fishing for Antarctic krill, a fishery with an
interest for expansion, likely has the greatest potential to directly
affect penguin species at some sites through competition for
resources; especially the pygoscelid penguin species that breed
throughout Antarctica but mainly on the Antarctic Peninsula
(Trathan et al., 2014; Nicol and Foster, 2016; Chown and Brooks,
2019; Watters et al., 2020).
Given the foraging ecology of penguins during their breeding
period, with foraging ranges that are spatially restricted
by the need to regularly (e.g., daily) provision developing
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offspring, penguins are well-suited for protection via area-
based management tools (ABMT). Such tools include the
establishment and effective management of MPAs (Oppel et al.,
2018; Boersma et al., 2019; Ropert-Coudert et al., 2019). In
particular, MPAs, or other ABMTs, can be most effective when
they specifically take into consideration the distribution of a
species most important areas at-sea. Identification of marine
Important Bird and Biodiversity Areas (marine IBAs) provides
a mechanism to determine where these most important at-
sea areas are in a global context, as these are areas assessed
against a standardized and internationally agreed upon set of
criteria for all bird species (Supplementary Appendix: Marine
IBAs) (Lascelles et al., 2016; Donald et al., 2018; Waliczky
et al., 2018). The identification of areas as IBAs provides a
targeted opportunity through which governments, multilateral
environmental agreements and businesses, can determine the
efforts required to conserve a network of sites that are essential
for maintaining the populations and habitats of birds and their
associated biodiversity (Waliczky et al., 2018). The protection of
these areas can also support sustained provision of ecosystem
services. Furthermore, recent evidence has shown that in
MPAs where fisheries operate and where the spatiotemporal
distribution of marine IBAs are effectively accounted for in their
design and management plans, these MPAs can provide effective
conservation opportunities for seabird species and other marine
top predators through appropriately designed spatiotemporal
closures of fisheries operations (Heerah et al., 2019; Johnson et al.,
2019; Handley et al., 2020).
Identifying marine IBAs in waters surrounding Antarctica has
only been considered based on the at sea distribution of birds
from colonies on the Antarctic Peninsula and nearby islands
(Dias et al., 2018a,b). No attempt has been made to identify
marine IBAs based on the likely at sea distribution of birds from
colonies located elsewhere on mainland Antarctica; waters under
the jurisdiction of CCAMLR. Given marine spatial planning
(MSP) has been deemed a critical tool toward the conservation
of penguin species (Boersma et al., 2019; Ropert-Coudert et al.,
2019) and that marine IBAs can support MSP initiatives (Heerah
et al., 2019; Johnson et al., 2019; Handley et al., 2020), the main
objective of this study is to identify a network of marine IBAs
for penguins breeding in Antarctica. We considered four species,
the Adélie (Pygoscelis adeliae), Chinstrap (Pygoscelis antarcticus),
Gentoo (Pygoscelis papua) and Emperor Penguins (Aptenodytes
forsteri), which either have large proportions of their global
populations breeding in Antarctica, or are endemic to Antarctica
(Supplementary Appendix: Penguin species considered). We
then investigated the percentage overlap of marine IBAs with
the adopted and proposed key management areas (primarily the
MPA network) to determine what advantage these management
areas could offer penguin species in terms of conserving some
of their most important global areas at sea. We also aim to
recognize key risks and threats which may be associated with
marine IBAs, with a primary focus on the potential pressures
from the krill fishery (Hinke et al., 2017; Trathan et al., 2018;
Watters et al., 2020). Therefore, we investigated whether or not
a disproportionate amount of krill biomass was caught within or
beyond the bounds of marine IBAs, within our study area. We
focused our analysis on chick-rearing adult birds, a critical phase
of the annual cycle for these birds in terms of the requirement to
provision developing offspring and this being a period when birds
tend to aggregate most at sea (Ratcliffe and Trathan, 2011; Oppel
et al., 2018). As marine IBAs are a subset of Key Biodiversity
Areas (IUCN, 2016), sites which contribute to the global
persistence of biodiversity, results from this study support spatial
planning analyses already undertaken, and offer new insights




We focus on identifying marine IBAs for chick-rearing adult
birds during the breeding season (Figure 1), because this is the
time when birds typically have the most constrained foraging
range as they must return regularly to breeding colonies to
feed dependent offspring (Ropert-Coudert et al., 2004; Lescroël
and Bost, 2005). Exact timing of breeding does fluctuate from
year to year (Black, 2016) and for the Adélie penguins can
be related to breeding site latitude (Ainley, 2002; Emmerson
et al., 2011), however, the critical months for summer breeders
typically include November to February, while for the Emperor
Penguins critical months include August to mid-December. If
the duration of provisioning trips exceeds a critical threshold or
birds are unable to capture sufficient prey within a given time
period, reduced breeding success (number of chicks surviving
to crèche per nest) can occur (Takahashi et al., 2003; Croll
et al., 2006; Emmerson et al., 2015; Black, 2016). Krill forms
an important part of the diet for all four penguin species
(Ratcliffe and Trathan, 2011). Typically, Gentoo and Emperor
Penguins have a mixed diet, which includes krill as well as
fish and squid (Ratcliffe and Trathan, 2011). Whereas, Adélie
and Chinstrap Penguins are dietary specialists (Table 1) –
especially at the Antarctica Peninsula – and are thus particularly
susceptible to changes in krill availability and the impact of this
on breeding success (Miller et al., 2009; Herman et al., 2017;
Youngflesh et al., 2017).
Study Region and Key Management
Areas
Our region of interest for identifying marine IBAs was within
CCAMLR MPA planning domains 1, 3, 4, 7, 8 and 9, those
contiguous to mainland Antarctica and the nearby islands
(Figure 2). The key management areas we considered (see also
Supplementary Appendix: Study area and key spatial data) were
the MPA planning domains, their respective adopted or proposed
MPAs (CCAMLR, 2009, 2016, 2019a,b,c), an MPA planning
area (Griffith et al., 2019) and the Voluntary Restricted Zones
(VRZs, 2) along the Antarctic Peninsula (Figure 2). The VRZs
are a region in which 85% of krill fishing companies agreed a
voluntary permanent stop to krill fishing between certain dates
depending on the region (Antarctic Peninsula: 1 October – 1
February, Gerlache Strait: 15 October – 15 February, South
Shetland Islands: 1 November – 1 March).
1https://www.ccamlr.org/en/organisation/convention-area
2https://www.ark-krill.org/ark-voluntary-measures
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FIGURE 1 | Adult penguin life cycles of the four species of penguin breeding in Antarctica: Emperor (a), Adélie – West Antarctica (bWA), Adélie – East Antarctica
(bEA), Chinstrap (c) and Gentoo (d) penguin, and key chick-rearing months when species have the most restricted range (red); the period for which marines IBAs
were identified. Figure adapted from Emmerson et al. (2011), Lynch et al. (2012), Borboroglu and Boersma (2013), Black (2016). The figure is based on the most
common reports for mainland Antarctica but variations in the start of laying dates (some of which are linked to latitude) have been observed for species by up to
2 weeks (Ainley, 2002; Emmerson et al., 2011; Black, 2016; Youngflesh et al., 2017).
Delineating Marine IBAs for Antarctic
Penguins
Delineating marine IBAs for marine predators at sea requires
the identification of representative core areas used by a
threshold number of individuals from a population (Lascelles
et al., 2016). Therefore, colony and global population estimates,
and colony specific at-sea distribution data (or estimates
thereof) are required.
Population Estimates
We derived abundance estimates for penguins breeding in
Antarctica primarily from published sources (Supplementary
Appendix: Population estimates). We focus on the number
of breeding pairs as this is a primary metric for monitoring
penguin population sizes. We collated the majority of abundance
estimates and colony location data for penguin species via
the MAPPPD data portal (updated on 02, April, 2019), a
database designed for the collation of Antarctic penguin
population monitoring data (Humphries et al., 2017). Notably,
colonies in this data portal are categorized as those areas
that represent one biologically relevant population. We
supplemented this dataset with additional colony information
and abundance estimates based on recent global reviews
for Emperor Penguins (Wienecke, 2012; Ancel et al., 2017;
Trathan et al., 2019) and Chinstrap Penguins (Strycker
et al., 2020). For a minority of colonies where either nest
or chick counts were provided only, we followed previous
approaches to convert these estimates to number of breeding
pairs (Che-Castaldo et al., 2017, Supplementary Appendix:
Refinements to population estimates). The final number
of colonies considered for each species was 280 for Adélie
Penguins, 326 for Chinstrap Penguins, 108 for Gentoo
Penguins and 54 for Emperor Penguins (Supplementary
Appendix: Colony Codes).
Determining At-Sea Distribution
Collecting representative tracking data from breeding
colonies within the vicinity of the study area is often
not feasible – even for the key colonies in a species
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TABLE 1 | Penguin species that breed on mainland Antarctica or adjacent islands, their diet, and key metadata, considered for the identification of marine Important Bird
and Biodiversity Areas in Antarctica.











Number of colonies within
study area used for marine
IBA assessment
Diet (Ratcliffe and Trathan, 2011)




1, 3, 7, 8, and 9 3,790,000 (Lynch
and LaRue, 2014)
280 Primarily euphausiid crustaceans and
fish:
Euphausia crystallorophias (crystal krill)
Euphausia superba (Antarctic krill)
Pleuragramma antarctica (Antarctic
silverfish)





326 Primarily euphausiid crustaceans:
Euphausia superba (Antarctic krill)
Gentoo LC 48.1, 48.2 1 387,000 (Lynch,
2013)
108 Short foraging ranges for this species
can result in fine scale variation in diet,
which includes:















54 Winter diet, mostly krill:
Euphausia superba (Antarctic krill)
Summer diet, mostly fish and squid:
Pleuragramma antarctica (Antarctic
silverfish)
Psychroteuthis glacialis (Glacial squid)
LC, least concern; NT, near threatened.
range – and will likely remain so for many penguin
colonies in Antarctica. Therefore, alternate solutions to
direct observation of distribution patterns, such as at-
sea surveys or individual level tracking (e.g., Carroll et al.,
2019), are required.
Several methodologies for estimating seabird at-sea
distribution in un-sampled regions have been proposed
(Franklin, 2010; Grecian et al., 2012; Thaxter et al., 2012;
Grimm et al., 2016; Soanes et al., 2016; Wakefield et al., 2017;
Warwick-Evans et al., 2017, 2018; Zhang et al., 2017; Critchley
et al., 2018, 2019; Dias et al., 2018b; Supplementary Appendix:
Determining at-sea distribution). Determining which method
is most appropriate to derive species at-sea distributions should
be considered in the context of available data for a given species
and its typical foraging ecology (Cleasby et al., 2018; Oppel et al.,
2018; Bolton et al., 2019). For relatively short ranging species –
such as penguins during the breeding period (Oppel et al.,
2018) – recent evidence shows that the foraging radius approach
with a decay function coupled to population estimates can be
a useful and pragmatic approach for assessing distributions;
particularly in data sparse regions where studies involving the
direct tracking of species has been limited (Critchley et al.,
2018, 2019). This method involves estimating the distribution
of seabirds from a source colony out to a specified buffer
distance, and gives preferential weighting to those cells closest
to the colony. Therefore, we built upon the method outlined in
Critchley et al. (2018) to map the distribution (on a 5 km × 5 km
grid) and estimate the abundance of penguins at sea from
individual colonies during the chick rearing period.
We specified a buffer around each colony that accounts
for travel around landmasses, and weights cells closest to
the colony via an inverse log function. Given the typically
short-ranging movements undertaken by the penguin species
compared to volant seabird species (Oppel et al., 2018), we
also specified a bearing for each colony that directed birds
directly away from the colony of origin. A 60 degree buffer
was specified on either side of this bearing which constrained
birds to forward movement away from the colonies only. The
weighting of cells means that cells closest to a breeding colony
represent those cells likely used by a higher percentage of
the population (Supplementary Appendix: Density distribution
surfaces – methods). For each species, the maximum potential
radius of the buffer specified around colonies was adjusted
according to CCAMLR subareas and represents the weighted
mean of maximum travel distances during the critical chick-
rearing period of the breeding cycle, when birds typically
have the most constrained foraging range (Supplementary
Appendix: Literature review – foraging radii). Division by
CCAMLR subareas allowed for alignment across areas with
similar ecosystem characteristics and accounting for spatial
heterogeneity. Foraging range distances were obtained through
a comprehensive literature review identifying all colonies where
tracking of penguins had occurred via GPS or platform terminal
transmitter (PTT) devices (Supplementary Appendix: Literature
review – foraging radii).
Given the differences in census efforts at each colony we
derived density distribution surfaces for each species and
their respective colonies based on four population estimates
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FIGURE 2 | Adopted MPAs, proposed MPAs and MPA planning area (see Supplementary Appendix – Study area and key spatial data for additional details) within
the study area (CCAMLR MPA planning domains (D) 1, 3, 4, 7, 8, and 9), and overlap with identified network of 63 marine IBAs for penguin species. Text black
circles adjacent to marine IBAs indicate species present within the marine IBA. Adopted MPAs within the planning domains include, the Ross Sea Region MPA and
the South Orkney Islands Southern Shelf MPA (SOISS MPA). Proposed MPAs include the Domain 1 MPA (D1MPA), Weddell Sea MPA Phase 1 (WSMPA Phase 1)
and the East Antarctica MPA (EAMPA). Also shown are the Weddell Sea MPA Phase 2 Planning Area (WSMPA Phase 2) and the Voluntary Restricted Zones (VRZs) in
which a majority of krill fishing fleets have limited their operations in certain regions during parts of the summer (AP, antarctic peninsula: 1 Oct – 1 Feb, GS, gerlache
strait: 15 Oct – 15 Feb, SSI, south shetland Islands: 1 Nov – 1 Mar). Inset map area indicated by black bounding box.
determined from the aggregated dataset: minimum, median,
maximum and most recent number of breeding pairs at a given
colony. This is a pragmatic choice on our part to account for
the varied availability of population estimates from colonies
(seldom collected in consecutive years from many colonies)
when delineating marine IBA boundaries that acknowledges
uncertainties with specific population estimates from individual
colonies (Croxall and Kirkwood, 1979; Southwell et al., 2013;
Lynch and LaRue, 2014, Supplementary Appendix: Density
distribution surfaces – methods). The density distribution
surfaces from each colony were then summed; providing an
Antarctic-wide estimate of each species likely distribution at
sea that accounts for potential geographic structuring between
species breeding colonies (Santora et al., 2020). For each layer
derived, we selected only those cells which had >1% of the global
population (IBA criteria A4). Then, for each species, we selected
only those cells which triggered IBA criteria for at least three
of four population estimates (i.e., cells had to have >1% of the
global population for at least the median, maximum and most
recent counts, see Supplementary Appendix). To account for
winter sea-ice distribution, final marine IBA boundaries specific
to Emperor Penguins were further considered in the context of
the average position of Antarctic polynyas; areas of open water
surrounded by sea ice that are maintained throughout the year
(Arrigo et al., 2015).
Once marine IBAs were identified at the species level, the
final layers for each species were then aggregated to delineate
Antarctic-wide marine IBA boundaries for all penguin species.
These boundaries distinguished between marine IBAs specific
to a single species, versus marine IBAs specific to two or more
species. To avoid the cell based nature of areas through the
identification process and delineate practicable management
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units, the final marine IBAs were converted to polygons which
were further smoothed using Gaussian kernel regression, where
the bandwidth was set according to the number of vertices in each
polygon (Strimas-Mackey, 2018) (Supplementary Appendix:
Density distribution surfaces – methods).
Assessing Marine IBA Overlap With Key
Management Areas
To assess the overlap of marine IBAs with key management areas,
we calculated the percentage area of marine IBAs within each
of the relevant management areas. We performed this analysis
separately for the VRZs and proposed MPA areas as the D1MPA
and WSMPA P1 encompass the entirety of the VRZs. We also
estimated the regional percentage of breeding pairs that would
likely benefit from suitable conservation measures being applied
to each marine IBA by summing the population estimates from
each of the colonies contributing to the delineation of specific
marine IBAs that overlapped relevant MPAs or VRZs.
Overlap of Krill Fisheries With Marine
IBAs
We obtained data on krill catches (received from CCAMLR on




longitude cells at monthly
intervals within the CCAMLR region spanning approximately
50 years: 1972 – 2019 (CCAMLR, 2018a). Following the approach
used by Hindell et al. (2020) to assess areas against gridded
“potential threat” data, we investigated the spatial distribution
of the fishery in relation to the marine IBAs and addressed
whether or not a disproportionate amount of krill biomass
was caught within or beyond the bounds of marine IBAs. We
summarized data into decadal periods (1970s, 1980s, 1990s,
2000s, and 2010s) and summed catch data (tonnes per cell)
over the summer period (October-March, when the majority of
krill feeding penguins are breeding) to determine the cumulative
catch per cell within our study area. We compared the values of
cumulative biomass caught in the marine IBA cells versus outside
cells using two-tailed random permutation tests with 10,000
permutations (Hothorn et al., 2008). The null hypothesis was that
the cumulative biomass caught per cell inside and outside marine
IBAs would be from the same distribution.
RESULTS
Marine IBAs for Antarctic Penguin
Species
Through our conservative approach, whereby cells for
each species had to likely be used by >1% of the global
population for at least three of four of the population estimates
used to generate the at-sea density distribution surfaces
(Supplementary Appendix: Density distribution surfaces), we
identified 63 marine IBAs for the four penguin species across
Antarctica (Figure 2 For details of individual marine IBAs
see, Supplementary Appendix: Inventory – Antarctica marine
IBAs). These marine IBAs ranged across all CCAMLR subareas
and MPA Planning Domains within our study area (Figure 2).
The largest percentage of marine IBAs – by area – occurred
within Domain 7, while Domain 9 had the smallest proportion.
For individual species, the largest percentage of marine IBAs –
by area – occurred in Domain 7 (Adélie and Emperor Penguins)
and Domain 1 (Chinstrap and Gentoo Penguins, Table 2).
Overlap of Marine IBAs and Key
Management Areas
The current CCAMLR adopted MPA network within MPA
planning domains contiguous to mainland Antarctica overlaps
with 23.2% of the identified marine IBAs. When considering
the voluntary Restricted Zones (VRZs) along the Antarctic
Peninsula, overlap with a key management area increases this
percentage to 30.4%. Moreover, when accounting for all adopted
MPAs, VRZs and the proposed MPAs and MPA planning area,
80.5% of the marine IBAs overlap with key management areas
(Figure 2 and Table 3).
Marine IBAs related to Adélie and Emperor Penguins
had the greatest overlap with the adopted MPAs, while
marine IBAs for Chinstrap and Gentoo Penguin have a
negligible overlap (Figure 2 and Table 3). For all pygoscelid
species, the VRZs extend the area of overlap for marine
IBAs with a management unit by 7.2, 23.8, and 100%,
for Adélie, Chinstrap and Gentoo Penguins, respectively
(Table 3). Similarly, when considering both the adopted and
proposed MPA network and the MPA planning area (areas
that completely encompass the VRZs), the overlap between
marine IBAs for all species and areas increases by 49, 50.9,
88.8, and 100% for Emperor, Adélie, Chinstrap and Gentoo
Penguins, respectively, compared to the adopted MPA network
alone (Table 3).
Regarding specific MPAs, the proposed MPA for East
Antarctica (EAMPA) overlaps with the largest percentage of
the marine IBA network, followed by the adopted Ross Sea
Region MPA and proposed D1MPA; although percentage cover
is largely similar for all three MPAs (Table 4). There is negligible
overlap with the adopted South Orkney Islands Southern Shelf
MPA and any of the marine IBAs. The largest percentage of
overlap for species-specific marine IBAs within unique MPAs
occurred with the Ross Sea Region MPA and East Antarctic
MPA for Adélie and Emperor Penguins. The proposed D1MPA
overlaps with the majority of marine IBAs for Chinstrap
Penguins and all of those for Gentoo Penguins (Table 4). If all
adopted and proposed MPAs were implemented, marine IBAs
specific to Adélie Penguins would have the largest percentage
area not encompassed by any MPA boundary (non-MPA
region), followed by Emperor, Chinstrap and Gentoo Penguins,
respectively (Table 4).
Regional Abundance Estimates and
Contribution of Penguin Colonies to
Each Marine IBA Within MPAs and VRZs
For Chinstrap, Gentoo and Emperor Penguins, the highest
percentage of their regional population contributing to marine
IBAs within specific MPAs remains the same as the percentage
area overlap of marine IBAs within specific MPAs. That is,
Frontiers in Marine Science | www.frontiersin.org 7 January 2021 | Volume 7 | Article 602972
fmars-07-602972 January 20, 2021 Time: 16:22 # 8
Handley et al. Site-Based Conservation for Antarctic Penguins
TABLE 2 | Percentage of marine IBAs in each of the MPA planning domains within given study area only.
Domain All mIBAs Adélie mIBAs Chinstrap mIBAs Gentoo mIBAs Emperor mIBAs
1 (Western Peninsula – South Scotia Arc) 14.2% 12.2% 100% 100% 2.17%
3 (Weddell Sea) 10.3% 0.8% dnb dnb 16.5%
4 (Bouvet – Maud) 5.04% dnb dnb dnb 8.3%
7 (Eastern Antarctica) 38.3% 54.8% dnb dnb 34.1%
8 (Ross Sea) 27.2% 30.3% 0% dnb 31.4%
9 (Amundsen – Bellingshausen) 4.9% 1.92% dnb dnb 7.53%
dnb: Species does not breed in vicinity of the MPA planning domain.
TABLE 3 | Percentage of all, and species specific marine IBAs, which overlap with the network of key management areas (adopted and proposed MPA network, and the
Voluntary Restricted Zones) considered within the study area (MPA planning domains 1, 3, 4, 7, 8, and 9).
Species All adopted MPAs only All adopted MPAs and Voluntary Restricted Zones All adopted and proposed MPAs
All 23.2% 30.4% 80.5%
ADP: Adélie 26.8% 34.0% 77.7%
CHP: Chinstrap 0.9% 24.7% 89.7%
GEP: Gento 0% 100% 100%
EMP: Emperor 30.7% 30.7% 79.7%
TABLE 4 | Percentage of marine IBAs in each of the specific MPAs within the study area (see Figure 2 for details).
MPA All mIBAs Adélie mIBAs Chinstrap mIBAs Gentoo mIBAs Emperor mIBAs
D1MPA (Proposed) 21.3% 12.4% 88.8% 100% 2.4%
EAMPA (Proposed) 23.2% 38.5% dnb dnb 21.6%
WSMPA Phase 1 (Proposed) 11.3% <1% dnb dnb 22.1%
WSMPA Phase 2 (Planning domain) 1.57% dnb dnb dnb 3.1%
Ross Sea Region MPA (Adopted) 23.0% 26.7% dnb dnb 30.7%
South Orkney Islands Southern Shelf MPA (Adopted) <1% 0% <1% 0% dnb
Percentage marine IBA area not in MPA boundary (if all were
implemented)
19.5% 22.3% 10.3% 0% 20.1%
dnb: Species does not breed within MPA.
the highest proportion of their regional populations contribute
to marine IBAs within the proposed D1MPA for Chinstrap
and Gentoo Penguins, and the Ross Sea Region MPA for
Emperor Penguins. However, for Adélie Penguins, while the
largest percentage of overlap between marine IBAs and MPAs
for these species occurred within the proposed East Antarctica
MPA (EAMPA), the highest proportion of their regional
population also contributed to marine IBAs within the proposed
D1MPA (Table 5).
Overlap of Krill Fisheries With Marine
IBAs
Within MPA planning domains contiguous to mainland
Antarctica, the krill fishery has moved over the past five
decades from having a dispersed and largely circumpolar
fishing effort to a concentrated fishing effort in the South
Atlantic sector, which includes areas around the Antarctic
Peninsula (Figure 3 and Supplementary Appendix: Overlap
of krill fisheries with marine IBAs). In all decades within
the study area (1970s, 1980s, 1990s, 2000s, and 2010s),
there was a higher proportion of cells with krill catches
inside marine IBAs versus outside (Figure 3: panels i inset,
and Supplementary Appendix: Overlap of krill fisheries
with marine IBAs). Furthermore, based on the two two-
tailed random permutation test, krill catches per cell were
significantly different inside versus outside marine IBAs
(1970s – 2010s: p-value <0.001, Z-score <−5, Supplementary
Appendix: Overlap of krill fisheries with marine IBAs)
with cumulative krill biomass caught being higher inside
of marine IBAs compared to outside marine IBAs for all
decades (Figure 3: panels ii inset). The reduced range that
the contemporary krill fishery operates over means that less
fishing is now occurring beyond the boundaries of marine IBAs
and is instead concentrated in focal marine IBAs along the
Antarctic Peninsula and nearby islands; particularly the South
Orkney Islands where the highest cumulative krill biomass
catches across all decades have been recorded in the 2010s
[Figure 3, panel b(ii)].
Regarding specific management units in relation to the
marine IBAs and krill fisheries, high krill biomass catches were
most prevalent in MPA planning domains 7 (EAMPA) and 1
(D1MPA). Within these domains, high krill biomass catches
were concentrated within particular zones of the EAMPA and
D1MPA. Between 4 and 15 marine IBAs were located within these






















TABLE 5 | Marine IBA overlap with key management areas in waters surrounding Antarctica (see Figure 2 for details), including the number of colonies that contributed to the given marine IBA (based on the density
distributions produced for each colony: see section “Materials and Methods”).
All mIBAs Adélie mIBAs Chinstrap mIBAs Gentoo mIBAs Emperor mIBAs
D1MPA (Proposed) mIBA code 1 – 18, 63 1, 13, 18 5, 6, 8 – 10,
14 – 18
2 – 4, 7, 9, 11, 12 63
Number of colonies 364 55 252 56 1
% Regional pop. to mIBA (lower) – 22% 78% 30% 2.01%
% Regional pop. to mIBA (upper) – 34% 97% 73% 2.01%
EAMPA (Proposed) mIBA code 29 – 33, 37, 38,
40 – 43
29, 30, 32, 41 dnb dnb 30, 31, 33, 37, 38,
40, 42, 43
Number of colonies 51 41 dnb dnb 10
% Regional pop. to mIBA (lower) – 10% dnb dnb 15%
% Regional pop. to mIBA (upper) – 12% dnb dnb 22%
WSMPA Phase 1 (Proposed) mIBA code 13, 19 – 25 13 dnb dnb 19 – 25
Number of colonies 8 ng dnb dnb 8
% Regional pop. to mIBA (lower) – ng dnb dnb 20%
% Regional pop. to mIBA (upper) – ng dnb dnb 21%
WSMPA Phase 2 (Proposed) mIBA code 26 dnb dnb dnb 26
Number of colonies 1 dnb dnb dnb 1
% Regional pop. to mIBA (lower) – dnb dnb dnb 2%
% Regional pop. to mIBA (upper) – dnb dnb dnb 2%
RSRMPA (Adopted) mIBA code 44 – 55 44, 45, 47 – 49,
52 – 54
dnb dnb 46, 47, 50 – 52, 55
Number of colonies 31 24 dnb dnb 7
% Regional pop. to mIBA (lower) – 10% dnb dnb 12%
% Regional pop. to mIBA (upper) – 29% dnb dnb 32%
SOISS MPA (Adopted) –
–
VRZs mIBA code 5 – 13 13 5, 6, 8, 9, 10 7, 9, 11, 12 dnb
Number of colonies 203 29 118 56 dnb
% Regional pop. to mIBA (lower) – 18% 37% 30% dnb
% Regional pop. to mIBA (upper) – 27% 55% 72% dnb
Percentage of regional population estimate indicates the percentage of the population from the study area that contributed to the marine IBAs overlapping relevant MPAs. Lower and upper estimates were assessed
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FIGURE 3 | Summer krill fishing effort (Oct – Mar) for past (A: 1980) and current decades (B: 2010) across the study area; MPA planning domains contiguous to
mainland Antarctica (Domains: 1, 3, 4, 7, 8, and 9). Fishing effort recorded as cumulative krill biomass caught per cell (tonnes). Panels i, indicate continent wide
fishing effort across relevant domains, while panels ii, indicate fishing effort for the Antarctic Peninsula. Inset in panels i, indicates proportions of cells inside and
outside marine IBAs in which krill was caught (>0t, yellow) or not caught (0t, purple). Inset in panels ii (kernel density plots), show the distribution of cumulative krill
biomass caught per cell (zero values not shown) inside (blue) versus outside (gray) marine IBAs. The scale for kernel density plots ranges between the minimum and
maximum krill biomass caught per cell in a given decade. For all decades, see Supplementary Appendix: Overlap of krill fisheries with marine IBAs.
TABLE 6 | Key MPA management units and species of relevance in relation to the marine IBAs and krill fisheries operations within the study area where high krill biomass
catches occurred per decade.
Decade MPA Planning domains Specific MPAs Specific marine IBAs with high krill catches Key species
1970s 7 EAMPA 29 – 32, 41 ADP, EMP
1980s 1 D1MPA 2 – 12, 14 – 18 ADP, CHP, GEP
7 EAMPA 29 – 33, 38, 40 – 42 ADP, EMP
1990s 1 D1MPA 3 – 18 ADP, CHP, GEP
7 –
2000s 1 D1MPA 3 – 15, 17, 18 ADP, CHP, GEP
2010s 1 D1MPA 5 – 18 ADP, CHP, GEP
Study area is bound by CCAMLR MPA planning domains 1, 3, 4, 7, 8, and 9. See Figure 2 for details. Key species codes: ADP (Adélie), CHP (Chinstrap), GEP (Gentoo),
EMP (Emperor).
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respective regions, with all four species present in these marine
IBAs (Table 6).
DISCUSSION
While a number of global initiatives have called for various
percentage-based targets in terms of protected areas in the
marine environment, a critical and central objective is also to
conserve important high-quality marine sites of either national
or international biodiversity value. Therefore, it is clear that
percentage-based targets will need to be evaluated according to
the system in question (Visconti et al., 2019). Here, we have
provided critical evidence of the location and relevance of some
of the most important areas – marine IBAs – for chick-rearing
adult penguins breeding in Antarctica and the surrounding
nearby islands. Considering penguins are some of the most
conspicuous wildlife in Antarctica, and among other seabirds
have often been regarded as sentinels of the marine environment
(Boersma, 2008; Gagne et al., 2018; Hazen et al., 2019; Velarde
et al., 2019), these data provide valuable evidence toward the
ongoing discussions regarding marine protected area delineation
in Antarctica (CCAMLR, 2019a,b,c; Chown and Brooks, 2019;
Brooks et al., 2020). Specifically, our data show that within
CCAMLR MPA planning domains 1, 3, 4, 7, 8, and 9, there are
marine areas that meet criteria to be identified as marine IBAs
for all four penguin species. Furthermore, with the adoption of
the three proposed MPAs and potentially a fourth within these
domains, the areas in which some of the most important global
sites for chick-rearing adult penguins could be protected or have
more effective management regulations in place would increase
by between 49 to 100% depending on the species.
In light of anthropogenic pressures on the Antarctic
marine system, adoption of all MPAs could mean valuable
increases in conservation and management measures for penguin
populations considering that the two MPAs currently adopted
in the study region only encompass between 0 and 30.7% of
marine IBAs, depending on the species. This result can in part be
explained by the fact that designation of the South Orkney Islands
Southern Shelf MPA only considered post-breeding penguin
tracking data (Trathan and Grant, 2019; Warwick-Evans et al.,
2019). Furthermore, one must also consider that the adopted
and proposed MPAs were not solely designed for breeding adult
penguins, but numerous other Antarctic taxa at many different
times of year (CCAMLR, 2009, 2016, 2019a,b; Trathan and Grant,
2019; Brooks et al., 2020; Sylvester and Brooks, 2020; Teschke
et al., 2020). Decisions regarding the adoption of proposed MPAs
must account for the full suite of available data, of which the
marine IBAs now offer a valuable contribution. In doing so, this
will serve toward an overarching vision of CCAMLR, as a key aim
is to achieve an ecosystem-wide approach to management that
should consider fisheries target species in conjunction with the
predators that rely on these species too (CCAMLR, 2018b).
Through the protection or enhanced management of the
identified marine IBAs via the proposed and currently adopted
network of MPAs in Antarctica, other multi-taxa studies
further highlight the likely benefits these MPAs could bring.
These include greater representation of 17 benthic and pelagic
ecoregions (out of 23 and 19, respectively) in the MPA network,
regions that host unique sets of species communities (Brooks
et al., 2020). Numerous other Antarctic marine top predators
including seals, petrels and whales primarily use sites identified
as “areas of ecological significance” in the same areas that marine
IBAs were identified. These areas are also in the D1MPA along
the West Antarctic Peninsula, Weddell Sea MPA Phase 1 and
2, EAMPA in East Antarctica and the Ross Sea Region MPA in
the Ross Sea (Hindell et al., 2020). Furthermore, global mapping
initiatives that have either collated multiple evidence streams
of where species require protection or management (Gownaris
et al., 2019; Zhao et al., 2020), or which have looked at the cost-
benefit analysis of MPAs (Brander et al., 2020; Klein and Watters,
2020b), also recognize the Antarctic Peninsula, Weddell Sea and
East Antarctica as being places that fall outside the bounds of
adopted MPAs and that could benefit from protection afforded
by well-designed MPAs in the regions.
The marine IBAs for penguins along the Antarctic Peninsula
and the nearby South Shetland and South Orkney Islands are
in areas where some of the largest krill catches have been taken
(Figure 3). This aligns with our data showing that despite a
generally contracted range of operation by the krill fishery in
Antarctica over the past five decades, there is consistently a
disproportionate amount of krill being harvested within marine
IBAs compared to the total area the fishery operates. Therefore,
our results reinforce the fact that contemporary krill fisheries may
be directly competing with pygoscelid penguin populations for
one of their primary prey resources (Hinke et al., 2017; Trathan
et al., 2018; Watters et al., 2020). To a certain extent the VRZs,
which are adhered to during certain times of year by certain
fleets, do mitigate the likelihood of many krill fishing vessels
overlapping with marine IBAs for Gentoo Penguins and some
Chinstrap and Adélie Penguin populations (Table 3). However,
at the South Orkney Islands where there are no additional
conservation measures such as the VRZs, the marine IBAs for
Adélie and Chinstrap Penguins overlap with the area where the
greatest amount of krill has been caught during the summer
chick-rearing period (Figure 3). Therefore, competition for food
resources could become critical.
This competition for food resources may be especially relevant
for the Adélie Penguins, as they are the ice-obligate pygoscelid
species that most likely face the largest threat from climate
change too (Forcada and Trathan, 2009; Lyver et al., 2014; Che-
Castaldo et al., 2017). This means that within the proposed
D1MPA – which hosts some of the largest regional proportions
of Adélie and Chinstrap Penguin populations contributing to the
identified marine IBAs – continued evaluation should be sought
to mitigate the potentially negative consequences that numerous
other species are facing due to overexploitation of resources
(Maxwell et al., 2016; Klein and Watters, 2020b). Beyond the
bounds of the planning domain for the D1MPA, our results
highlight that past krill fishery operations had some of the largest
krill catches overlapping with marine IBAs in East Antarctica
and that the krill fishery is expanding in this region again; as
recognized by others (Nicol and Foster, 2016; Chown and Brooks,
2019). This underscores the need for implementing appropriate
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conservation and management measures to avoid the added
pressure that krill fisheries could place on penguins during the
critical chick-rearing period should the fisheries begin regularly
operating in these areas again.
The krill fishery, along with the growing challenges of
pollution, and human intrusion and disturbance, are likely to be
the most site specific pressures penguins will face at particular
marine IBAs (Trathan et al., 2014; Dias et al., 2019; Ropert-
Coudert et al., 2019). Additionally, climate change is a key
pervasive pressure that all penguin species face in marine IBAs
across Antarctica (Trathan et al., 2019; Hindell et al., 2020).
Forecasts from climate coupled population and distribution
models show these responses for penguins and numerous other
Antarctic taxa will vary depending on the region and species
(Jenouvrier et al., 2019; Hindell et al., 2020; Iles et al., 2020; Rogers
et al., 2020). However, the broad consensus is that the impact
of climate change will be negative for the majority of species,
especially those endemic to Antarctica such as the Emperor
Penguin (Trathan et al., 2019; Rogers et al., 2020). The already
adopted Ross Sea Region MPA offers some respite from the
compounding pressures of climate change and other threats this
species faces. The adoption of the proposed Weddell Sea MPA
Phase 1, would offer added respite as this MPA not only hosts
the second largest proportion of the species global population
contributing to marine IBAs, but has also been recognized as a
key refuge for the species in light of climate change (Jenouvrier
et al., 2019). This supports the call for a network of site
based conservation approaches for this species to alleviate the
compounding effects of multiple stressors (Trathan et al., 2019).
Considering our study focuses on identifying important
marine areas of global significance for adult penguins during
the chick-rearing period – a key period of the year when birds
are constrained to return to their specific breeding colony –
context-specific decisions that account for regionally important
populations should also be made when aiming to achieve local,
national or global goals (Smith et al., 2019). A further caveat to
consider is that the size of an area to be delineated as a marine
IBA will be influenced by colony population numbers that are
likely to fluctuate on an annual basis owing to both variations in
environmental conditions (Che-Castaldo et al., 2017; Jenouvrier
et al., 2017; Iles et al., 2020), and possible emigration or
immigration for some species (Ainley et al., 2004; Fretwell and
Trathan, 2019). Also, seabird foraging range is typically deemed
to increase for birds from larger colonies (Jovani et al., 2016),
a phenomenon not directly incorporated into our approach.
However, suitably accounting for both these factors at an
Antarctic wide scale is unfeasible owing to irregular population
monitoring at the majority of penguin breeding sites across
Antarctica, and also because our literature review of tracking
studies revealed that we primarily have tracking data from
only the smaller colonies of Chinstrap and Gentoo Penguins.
Therefore, by scaling foraging ranges according to CCAMLR
subareas, weighting cells through the density decay function and
including only those cells where a minimum of three count
types overlapped, we highlight that the marine IBAs represent
conservative average estimates of likely penguin distribution
during the chick-rearing period and do not expect that areas
overly represent important habitat requirements. Furthermore,
as the population metric used to delineate marine IBAs was
annual number of breeding pairs, these too are conservative
estimates for the total number of birds which might use the areas.
While a large majority of the adult population of penguins
attempt to breed each year, the distribution of juvenile birds,
those that skip breeding in some years and adult birds during
the non-breeding period were not specifically considered in our
study. For each of these groups of birds, parts of the Antarctica
Peninsula and nearby islands remain key habitat for many
pygoscelid penguins (Wilson et al., 1998; Trivelpiece et al., 2007;
Erdmann et al., 2011; Hinke and Trivelpiece, 2011; Hinke et al.,
2019). However, as all four species are no longer constrained
by the need to return to breeding colonies, birds disperse
more broadly and will overlap with other CCAMLR MPAs
and planning domains (Ratcliffe and Trathan, 2011; Thiebot
et al., 2019; Warwick-Evans et al., 2019). In recognition of these
broader dispersal patterns that are also common in other taxa
utilizing the Southern Ocean (e.g., marine mammals, IUCN-
MMPATF, 2020), and also the potential for competition between
krill fisheries and penguins in the winter, we recognize that action
for the identified marine IBAs provides only a part of the holistic
solution required for the conservation and management of the
Antarctic marine ecosystem (Hinke et al., 2017; Carneiro et al.,
2020; Hindell et al., 2020; Watters et al., 2020).
The Antarctic marine environment is one of many marine
systems where the conservation and management of particular
areas and species must be considered amidst a myriad of
priorities (Humphreys and Clark, 2020). Numerous other MPAs,
including their management frameworks, have already been
designated or revised based on the best available evidence that
often comes from a handful of key species (Hays et al., 2019;
Javed et al., 2019). The marine IBAs we identified for penguin
species in Antarctica provide conservative boundaries of perhaps
some of the highest quality areas for these species globally
given that they were designated as marine IBAs based on the
number of aggregating birds (IBA criteria A4). Subsequently, the
identification of these important areas offers guidance as to where
decision makers can act (Ludynia et al., 2012; Boersma et al.,
2015; Handley et al., 2020), and where appropriate management
action can find alignment with the call for identifying high
quality sites (Visconti et al., 2019). A specific management
action relevant to the identified marine IBAs hosting these
important populations of penguins, could be appropriately
designed spatiotemporal closures of fisheries operations that
undergo regular review processes. Such management actions
have already been implemented to support not only penguin
populations, but a number of other marine megafauna and
the prey the depend on in other systems (GSGSSI, 2013;
Cunningham et al., 2015; Sherley et al., 2015; Dawson et al., 2017;
Hays et al., 2019; SANPARKS, 2020). Of course, the implications
of these management actions should be considered in the context
of the specific system in question. Within the proposed D1MPA
area specifically, several studies have now showcased the likely
impacts that localized krill fisheries are having on penguin
populations (Hinke et al., 2017; Trathan et al., 2018; Krüger
et al., 2020; Watters et al., 2020). However, if an MPA with
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appropriately zoned regions were implemented, this could prove
beneficial for both penguin and prey populations; with authors
recognizing that the implications to krill catch rates for fishers
are not entirely understood (Klein and Watters, 2020a,b). This
connection between the conservation of biodiversity (regionally)
and the socio-economic factors to consider more broadly,
highlights the complexity of actions decision makers will need
to review when assessing appropriate spatiotemporal closures
within MPAs (Humphreys and Clark, 2020). Therefore, to
support the conservation of biodiversity while further realizing
the socio-economics links inherent in such decisions (regionally
and more broadly), the emerging “telecoupling” framework may
serve as an alternate assessment opportunity in future (Hull et al.,
2019; Rey and Huettmann, 2020).
As IBAs should be evaluated every 8–12 years (Donald
et al., 2018), they also provide a critical baseline for the
monitoring and evaluation of specific important areas in
future; readily achievable with the framework presented in
this paper. Coupled with the re-evaluation of the marine
IBAs, enhanced understanding of fine scale environmental
data, anthropogenic pressures and long-term population data,
to assess how pressures may act in combination on a
species will also be of great value. The use of remote
and direct monitoring technologies such as satellite imagery
(Fretwell and Trathan, 2009; Lynch et al., 2012) and time-
lapse cameras (Southwell and Emmerson, 2015; Hinke et al.,
2018; Jones et al., 2018) will offer solutions to some of these
challenges in future. This will be critical to consistently evolve
our understanding of predator and ecosystem responses to
growing anthropogenic stressors and potential environmental
change more broadly.
Ultimately, Antarctica and its biodiversity are deemed
to be facing “discernment hysteresis,” whereby the
lack of appreciation of evidence might – as it has
elsewhere – lead to irreversible changes to the ecosystem
(Maxwell et al., 2016; Chown and Brooks, 2019). The
precautionary action of enhancing environmental management
now, will likely support ecosystem functioning of this
system in future. Therefore, not only mitigating the
potential for catastrophic declines of penguin populations
as has happened elsewhere (Boersma et al., 2019;
Ropert-Coudert et al., 2019), but for numerous other
Antarctic species too.
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